Résumé : On a réalisé une analyse de la dépendance de la relation contrainte-déformation vis à vis de la vitesse de déformation, de la tension d'écaillage.et du comportement en rupture dynamique de W pur, de W-26Re, W-Ni-Fe-et de W-Ni-Fe-Co. La contrainte d'écaillage est meurée à partir d'essais d'impacts symétriques ; elle augmente et passe de 0.4 GPa pour le W à 3.8 GPa pour l'alliage 90W-7Ni-3Fe. Cette variation est accompagnée d'un changement du mode de rupture, en clivage pour le W pur, puis d'un mode avec mélange de ruptures granulaire et intergranulaire pour les alliages. Les essais de compressions réalisés sur une gamme de vitesses de déformation allant de 10" 3 à 3000 s" 1 montrent que le tungstène pur est très sensible à la vitesse de déformation et manifeste très peu d'écrouissage. Au contraire, les alliges W-26Re et W-Ni-Fe-Co sont fortement écrouissables dans toute la gamme.
Introduction
Unlike pure tungsten, tungsten alloys possess a combination of strength and ductility, corrosion resistance, and machinability in addition to a high density which makes them very attractive for kinetic energy penetrators or for radiation shielding materials. Tungsten alloys such as W-Ni-Fe or W-Ni-Fe-Co consist of nearly spherical grains of bee tungsten surrounded by a fee matrix phase containing Ni, Fe, Co and W. Because of their unique properties there is increasing interest in these alloys.
In recent years several investigators have studied the static and dynamic properties of tungsten alloys in as-sintered and swaged conditions [1] [2] [3] [4] [5] [6] . Rabin and German [1] showed that increasing tungsten content in W composites results in strengthening and a drastic decrease in the ductility of the alloy.
Bose, Sims and German [2] studied the influence of the test temperature and strain rate sensitivity (crosshead speed from 10~3 to 10 3 mm/s) of a 90W-7Ni-3Fe alloy and showed that the strength increases slightly with strain rate while ductility decreases. However, as the test temperature increases the strain rate sensitivity of this alloy diminishes. Meyer and co-workers [3] evaluated the dynamic strength and ductility of tungsten alloys in the as-sintered and swaged conditions, showing for each alloy a characteristic increase in strength (sometimes twice the quasistatic value) and a decrease in ductility by increasing the strain rate from 10° to
C3-632
JOURNAL DE PHYSIQUE [V 5000 S-l. Lankford et., al. [4] proposed a relationship between the strength and the fracture mode of explosively fractured tungsten composite alloys. This relationship indicated a change from cleavage fracture mode in the tungsten particles for low strength tungsten alloys to an interfacial tungsten-tungsten, tungsten-matrix mode of fracture (combination of W cleavage and inter-phase fracture) for high strength tungsten alloys.
In this study, we investigated the stress-strain response of W-26Re, W-Ni-Fe and W-Ni-Fe-CO alloys in contrast with pure W as a function of strain rate, spall strength and dynamic fracture behavior.
Experimental Procedure
The mechanical response of pure tungsten fabricated using powder metal l urgy was studied in a cold worked and recrystall ized condition. A W-26Re powder-metallurgy alloy (single-phase sol id-solution a1 loy, grain size approximately 1-2 pm) and two W-Ni -Fe alloys, one containing CO additions, were produced by l iquid-phase sintering of elemental powders. The W-Ni-Fe was in cold-rolled-plate form while the W-Ni-Fe-CO was in a heavily swaged condition. The chemical composition of the W-heavy alloys were: 90W-7Ni-3Fe and 93W-4.8Ni-2Fe-0.2Co. The final microstructures of the heavy alloys consisted of nominally 50 pm W particles surrounded by a soft Ni-Fe or Ni-Fe-CO matrix.
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quasi-static (strain rate I O -~ S-l) and dynamic (strain rate of 2000 to 8000 mechanical response were measured in compression using conventional a screwdriven testing frame and Split Hopkinson Pressure Bar, respectively. To evaluate the strain rate sensitivity of the W-based alloys the stre gth and the work ! l ha dening in compressive tests performed at strain rates of 10-S-l and 2500-4000 s -~ were compared.
The dynamic spall strength was measured under dynamic uniaxial strain conditions, using an 80-mm gas gun at room temperature in vacuum (<l Pa absolute pressure) [ 7 ] . In the spall test, the sample was subjected to a planar impact by a flyer plate, where both the sample and the flyer plate were fabricated from the test material. Upon impact of the flyer plate with the sample (target), a compressive shock wave propagates into the target as well as into the flyer. These waves reflect from the free back surfaces of both parts and propagate back into the sample. When two compressive waves meet (the incoming and reflected), a tensile wave is produced. If the pressure amplitude of this tensile wave exceeds the dynamic strength of the material it causes the sample to spall. In each test the impact pressure and the spall strength were measured using a manganin gauge (pressure gauge) as one branch of a Wheatstone bridge circuit in conjunction with a delayed triggering system to ensure a high signal -to-noise ratio. Projectile velocities (flyer p1 ate velocities, measured using pressure transducers) in these tests were approximately 590 or 360 m/s, which yielded peak stresses of 25 and 15 GPa, respectively. The relative target-to-impactor thickness yielded a 1 ps stress pulse duration time and a spall fracture surface at the mid-section of the sample. The spalled fragments were recovered intact from a catch tank that was specially designed to simultaneously decelerate and cool the sample. This catch tank consisted of compartments of wool felt impregnated with water. Fractographic examination of all the spall fracture surfaces was performed using scanning electron microscopy (SEM).
Results and Discussion
Figures 1 thru 4 show the stress-strain response as a function of strain rate for the tungsten alloys studied. Table 1 summarizes the flow stress at 2% true strain for low and high strain rates, measured rate sensitivities at 2% true strain and calculated strain hardening rates for the highest strain rate available for the metal S studied. as a function of strain rate.
Theoscillations in data taken at high strain rate arise from elastic wave dispersion in the pressure bar.
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JOURNAL DE PHYSlQUE IV The stress-strain response of all the tungsten-based alloys studied are observed to exhibit similar rate sensitivities of approximately 0.02. This magnitude of rate sensitivity is typical of many bcc and hcp metals which possess a high lattice resistance (Peierls barrier) to dislocation motion. The strain hardening rate measured at high strain rates in the tungsten and tungsten-based alloys varies. All materials studied showed stage I (region of easy dislocation glide) hardening. This observation is consistent with the 1963 study of Krock and Shepard [8] on the tensile behavior of liquid phase sintered W alloys. They concluded that the high rate of initial work hardening by the tungsten composite was closely associated with the properties of bcc tungsten. The pure tungsten, independent of starting condition, and the 90W-7-Ni-3Fe heavy-alloy displayed almost no stage I1 (region of linear hardening) strain hardening at high strain rate. The high-rate response of the W-Ni-Fe-CO and W-26Re alloys however, showed substantial hardening after yield. The differences in stage I1 work-hardening behavior in the W-alloys are consistent with previous studies of the work hardening of refractory metals [g] . Under quasistatic conditions, the lack of hardening in W and W-Ni-Fe may reflect material behavior near their saturation stress. A rough estim te of the saturation stress in a material can be made by taking approximately 3*10-~ [l01 of the shear modulus multiplied by 3.09 (Taylor factor for a polycrystal). Using the shear modulus of 160 GPa for tungsten, gives an estimated saturation stress of approximately 1480 MPa. For pure tungsten this saturation stress is similar in magnitude to the maximum flow stress achieved at quasi-static rates. The lack of stage I1 workhardening in pure tungsten at high strain rate may be influenced by defect storage and defect interaction behavior. Suppressed motion of thermally-activated screwdislocations at high-strain rate is similar to suppressed screw-dislocation motion at cryogenic temperatures [g]. *The work-hardening in bcc metals at cryogenic temperatures may be low because of low screw-dislocation mobility and low secondarydislocation activation [g] . While the edge dislocations are still mobile at high strain rates, they are incapable of producing significant hardening due to lack of dislocation interactions. Without significant motion of screw dislocations and secondary system activation, hardening should be low, consistent with our observations and low-temperature observations by others [g] . Addition of rhenium to tungsten is thought to alter the dislocation storage behavior and thereby increase work-hardening by increasing the edge-dislocation/interstitial interaction. While having only a minor influence on the yield stress, this will effectively raise the saturation stress.
The substantial strain hardening response of the W-Ni-Fe-CO compared to the W-Ni-Fe is postulated to be the result of two factors: CO additions and differences in the matrix microstructure. CO additions will supplement the substitutional hardening in the matrix, while the heavily swaged matrix should exhibit higher rate sensitivity compared to a l esser-worked matrix in W-Ni -Fe material. The increased hardening due to the CO may also reflect an increased saturation stress in the matrix. Both conditions are consistent with the slightly higher rate sensitivity and strong strain hardening response of the CO-alloy system. Table 2 lists the impact conditions and spa11 data for the materials studied. In Figures 5 and 6 examples are given fractography accompanying spa11 ation for respective1 y. 
The spall strength measurements in t h i s study a r e c o n s i s t e n t with t h e dynamic s t r e s s -s t r a i n response and general q u a s i -s t a t i c f r a c t u r e behavior of t h e W alloys studied. In t h e case of t h e r e c r y s t a l l i z e d W, t h e notoriously poor d u c t i l i t y of t h i s material under low o r high-rate loading r e f l e c t s t h e high s t r e n g t h , low work hardening, and s e n s i t i v i t y t o impurities on t h e grain boundaries of t h i s metal. The i n t r i n s i c high r e s i s t a n c e t o p l a s t i c flow i n tungsten a t ambient temperatures
r e s u l t s i n attainment of flow s t r e s s l e v e l s above t h e grain boundary f r a c t u r e s t r e s s . Thi S leads t o intergranul a r f r a c t u r e before s i g n i f i c a n t p1 a s t i c flow has occurred. Addition of mobile dislocations through cold-working and reduction in i n t e r s t i t i a l segregation t o t h e grain boundaries improves t h i s s i t u a t i o n . This i s r e f l e c t e d by t h e somewhat increased spall strength and change t o cleavage f r a c t u r e in the cold-worked tungsten.
As Bechtol t and Shewmon [ l 1 1 showed, t h e r e i s a del i c a t e balance between s t r e s s required f o r transgranul a r p1 a s t i c flow compared with b r i t t l e intergranular separation. The W-26Re a l l o y e x h i b i t s an increased spall strength consistent with t h e increased r a t e of work-hardening of t h i s a l l o y and t h e f i n e grain s i z e which tends t o suppress cleavage f a i l u r e . The high spall strength of the W-Ni-Fe a l l o y i s believed p r i n c i p a l l y t o r e f l e c t t h e strong influence of the d u c t i l e Ni-Fe matrix and W-matrix i n t e r f a c e r a t h e r than t h e f r a c t u r e behavior of t h e tungsten p a r t i c l e s . As suggested by Krock and Shepard [8], t h e d u c t i l i t y of the WNi-Fe composite may be a t t r i b u t e d in p a r t t o t h e crack a r r e s t i n g e f f e c t of the matrix l a y e r which surrounds each W grain. The d u c t i l e -t r a n s g r a n u l a r f r a c t u r e morphology, a s seen i n t h e SEM fractograph Fig. 5b , shows t h a t t h e spall f r a c t u r e i s concentrated in t h e matrix with only occasional f r a c t u r e through tungsten p a r t i c l e s .
Concl us i ons
Both pure W ( r e c r y s t a l l i z e d and cold worked) and W-Ni-Fe a l l o y in a cold-rolled condition e x h i b i t moderate q u a s i -s t a t i c strength but a very low s t r a i n hardening capacity. In addition, pure W showed nearly zero spall strength and an intergranular and/or cleavage mode of f r a c t u r e .
W-26Re a l l o y demonstrated moderate spall s t r e n g t h . W-Ni-Fe alloy showed high spall strength, almost comparable t o the spall strength of pure copper [12] . An intergranular mode of f r a c t u r e (W-26Re) and d u c t i l e transgranul a r mode of f r a c t u r e (W-Ni -Fe) were predominant in these a1 l oys under dynamic uniaxial s t r a i n loading. W-26Re and W-Ni-Fe a l l o y s have very high q u a s i -s t a t i c strength and a high s t r a i n hardening r a t e c h a r a c t e r i s t i c .
